Extensive efforts to avoid intracellular ice formation (IIF) during freezing have been central to current methods used for the preservation and long-term storage of cells and tissues. In this study, we examined the effect of intracellular ice formation on the postthaw survival of V-79W fibroblast and MDCK epithelial cells using convection cryomicroscopy and controlled-rate freezing. V-79W and MDCK cells were cultured as single attached cells or as confluent cell monolayers. Postthaw cell survival was assessed using three different indices: the presence of an intact plasma membrane, the ability to reduce alamarBlue, and the capacity to form colonies in culture. Regulating the isothermal nucleation temperature was used to control the incidence of IIF in the model systems. We report that the presence of intracellular ice in confluent monolayers at high subzero temperatures does not adversely affect postthaw cell survival. Further, we show that in the absence of chemical cryoprotectants, the formation of intracellular ice alone improves the postthaw survival of cultured V-79W fibroblast and MDCK epithelial cells. Improved long-term storage of cells and tissues will result by incorporating innocuous intracellular ice formation into current strategies for cryopreservation.
INTRODUCTION
tional approach to cryopreservation has therefore been to balance the toxic effects of high concentrations of solutes using chemical cryoprotectants with cooling Clinical and commercial application of the rapidly emerging cell-based biotechnologies requires, as a criti-rates slow enough to avoid IIF, but rapid enough to minimize cryoprotectant exposure. cal element, effective methods for the preservation and long-term storage of the cellular components (18, 19) .
While avoiding intracellular ice has been a common practice in the cryopreservation of cell suspensions (27) , Preserving cells at low temperatures (cryopreservation) has been successful for a wide variety of cell types recent studies with tissue model systems suggest that this may be much more difficult to achieve in tissues. It because of the development of novel techniques to minimize cell damage during the freezing and thawing pro-has been demonstrated in cultured hepatocytes (10, 16) , fibroblasts (2), and keratinocytes (6,32) that there is a cesses. Biophysical studies have provided a detailed understanding of the biological freezing response (28) . significant increase in the formation of intracellular ice at lower cooling rates and at higher subzero tempera-During freezing, cells are dehydrated as the extracellular solutes concentrate due to the removal of pure water tures than that which occurs when the same cells are in suspension. It has been further reported that cell-cell from the solution in the form of ice. It has been proposed that damage during slow cooling results from the contact can facilitate the nucleation of ice between adjacent cells, increasing the incidence of IIF in tissue mod-excessive dehydration of the cell and the increased intraand extracellular solute concentrations (21, 28, 37) . Dur-els (1,3,8). Preventing the formation of IIF using traditional cryopreservation protocols may not be possible ing rapid cooling, the formation of extracellular ice and the concentration of solutes occur too quickly for the using current freezing technologies. The application of classic freezing techniques to the cell to respond by exosmosis. This results in the cytoplasm becoming increasing supercooled with a concomi-cryopreservation of cells, tissues, and tissue models has assumed that intracellular ice is lethal (18) . As it has tant increase in the probability of freezing. The current understanding is that intracellular ice formation (IIF) is been shown that intracellular ice formation in cells in suspension occurs during rapid freezing (11, 24) and that an inherently lethal event (13, 17, 23, 27) . The conven-rapid freezing causes cell death (23, 25) , it has been as-trypsin solution (GIBCO) for 10 min at 37°C. The fibroblasts were resuspended in supplemented MEM. Steri-sumed that IIF causes cell death (13, 17, (25) (26) (27) 30) . However, evidence is emerging that suggests the presence of lized coverslips (12 mm circle, Fisher Brand) were placed in a petri dish (Fisher Brand, 100 × 15 mm) and intracellular ice per se is not lethal, but the amount of ice (15, 34, 35) , the location where it forms (9,22), or the covered with 15 ml of supplemented MEM containing 3 × 10 5 cells. The petri dishes were incubated for 12 h to mechanism by which IIF occurs (1,5) are more accurate predictors of lethal damage. Moreover, there is strong allow the cells to attach and 3 days to allow the growth of a confluent monolayer. evidence to suggest that under specific conditions, rapid freezing and the formation of intracellular ice in cells Cryomicroscope and Video System (14, 27, 30) and tissues (7,12,15) is innocuous. Recent
The cryomicroscope and video system used for this work has even suggested that intracellular ice formation study has been described in detail elsewhere (3, 30) . may be an adaptive mechanism used by a number of Briefly, it consisted of a Zeiss fluorescent microscope (Carl species to survive freezing, including freeze-tolerant gall Zeiss, Germany), a CCD video camera (ZVS-47DEC, flies (20, 33) and Antarctic nematodes (38) .
Carl Zeiss), a video recorder (GX4, Panasonic, Japan), Here we provide the first direct evidence to demonand a convection cryostage. The cryostage was constrate that the presence of ice inside cells is not inhernected to a computer-controlled interface (Great Canaently lethal. Further, we explore the ability of intracelludian Computer Company, Spruce Grove, Canada). The lar ice to protect cultured Chinese hamster fibroblast computer monitored the temperature by analyzing the (V-79W) and Madin Darby canine kidney (MDCK) epivoltage from a thermocouple on the stage and via a prothelial cells during cryopreservation. In this study, we portional controller circuit; heat was added as necessary demonstrate that the formation of intracellular ice in to allow the stage to follow a user-defined thermal proconfluent cell monolayers is innocuous, providing a tocol. novel technique for cryopreservation and long-term storage of cells and tissues.
Intracellular Ice Formation Assay MATERIALS AND METHODS
The formation of intracellular ice was detected using Cell Culture the standard flash method (11, 23) where the presence of intracellular ice is denoted by a visible darkening of the Two cell lines were used to investigate the effect of cytoplasm due to the scattering of light by intracellular intracellular ice formation on cell viability. The first was ice crystals. In addition to the flash method, a fluorometthe Madin Darby Canine Kidney (MDCK; CCL34 ATCC) ric technique (4) was used to assist in the identification epithelial cell line. These cells were incubated at 37°C of IIF in the MDCK and V-79W confluent monolayers. in an atmosphere of 95% air + 5% carbon dioxide in The incidence of IIF was calculated as the percent of minimum essential medium (MEM) supplemented with cells that form intracellular ice compared to total cells 10% v/v fetal bovine serum (all components from in the sample. GIBCO Laboratories, Grand Island, NY). Cells were grown in tissue culture flasks (25 cm 2 ; Corning Glass Membrane Integrity Assay Works, Corning, NY) and harvested by exposure to a A dual fluorescent staining technique was used for 0.25% trypsin-EDTA solution (GIBCO) for 10 min at the quantitative assessment of the integrity of the cell 37°C. The MDCK cells were resuspended in suppleplasma membrane. SYTO 13 TM , a permeant live cell numented MEM to obtain cell suspensions and then plated cleic acid dye (1.25 µM), and ethidium bromide (EB; on sterilized coverslips (12 mm circle, Fisher Brand) at 2.5 µM, Sigma Chemical Company, Mississuaga, ON) a concentration of 2 × 10 4 cells/ml. The coverslips were were used to differentially stain the cells. Percent surkept in petri dishes in an incubator for 12 h to allow the vival based on membrane integrity was calculated as the cells to attach and 3 days to allow the growth of a connumber of SYTO-positive cells over the total number fluent monolayer.
of cells (SYTO and EB positive) using the following The second cell line was the V-79W line of Chinese equation: hamster fibroblasts. Cells were incubated at 37°C in an atmosphere of 95% air + 5% carbon dioxide in MEM % survival = total SYTO positive cells total SYTO positive + total EB positive cells × 100
with Hanks' salts, 16 mmol/L sodium bicarbonate, 2 mmol/L L-glutamine, and 10% fetal bovine serum sup-Metabolic Activity Assay plemented with antibiotics [penicillin G (50 U/ml), streptomycin (50 µg/ml)] (all components from GIBCO).
AlamarBlue TM (Biosource International, CA) was used to assess the overall metabolic activity of the con-Cells were grown in tissue culture flasks (25 cm 2 ; Corning Glass Works) and harvested by exposure to a 0.25% fluent monolayers and single attached cells postthaw.
AlamarBlue was added to tissue culture media (10% v/v), dation indicator alamarBlue. The cells were trypsinized, plated, incubated for 5 days, and the number of colony-and confluent monolayers (MDCK and V-79W) were incubated in this solution for 12 h at 37°C. Single forming units was determined. The cumulative incidence of cells with intracellular ice formation was determined attached cells (MDCK and V-79W) were incubated for 24 h at 37°C in 10% alamarBlue. An aliquot (100 µl) of as a function of nucleation temperature and correlated with postthaw survival. the medium was removed and measured on a spectrophotometer (570-600 nm; UVmax, Molecular Dynam-Standard Freezing Protocol ics, CA). Percent survival based on metabolic activity MDCK epithelial cells and V-79W hamster fibrowas calculated as the mean percent difference in reducblasts were either used as single attached cells or grown tion between the experimental samples and the controls to confluency on glass coverslips. The coverslips conusing the following equation:
taining a confluent monolayer were placed in 15 × 45-
mm glass tubes (Kimble Glass Inc.) and placed on ice for 5 min. Following this incubation at 0°C, the samples where A LW is the absorbance value of the sample minus were immersed in an alcohol bath at −5°C and allowed the absorbance of the medium only at 570 nm, A HW is to cool for 5 min. Extracellular ice formation was inthe absorbance value of the sample minus the absorduced in the samples using cold forceps. The bath was bance of the medium only at 600 nm. R o is given by: then cooled at 1°C/min to −40°C where the samples were held for 5 min. All samples were then rapidly R o = AO LW AO HW warmed in a 37°C water bath and incubated in a 10% alamarBlue solution at 37°C. Metabolic activity was where AO LW is the absorbance of alamarBlue in medium then assessed. minus the absorbance of medium only at 570, and AO HW is the absorbance of alamarBlue in media minus the ab-Standard Freezing Protocol With Cryoprotectant sorbance medium only at 600 nm.
MDCK and V-79W single attached cells and confluent monolayers were subjected to the standard freezing Clonogenic Assessment protocol with addition of 10% v/v DMSO (Cryoserv, The cells were collected from the coverslips by expo-Tera Pharmaceuticals Inc., Buena Park, CA). The coversure to a 0.25% trypsin-EDTA solution and diluted to slips containing the cells were placed in glass tubes in-750 cells/ml. Tissue culture flasks were seeded with 150 cubated for 5 min in an ice bath and then 500 µl of a cells/flask and incubated at 37°C for 5 days. The tissue 10% v/v DMSO solution (in supplemented tissue culture culture medium was removed and the colonies were medium) was added to the glass tubes. The single attached fixed with 70% isopropanol, stained with trypan blue, cells and confluent monolayers were allowed to incubate and rinsed with distilled water before being counted.
with the DMSO for 20 min and then 450 µl of the solu-Percent survival based on clonogenic function was caltion was removed prior to freezing. The samples were culated as the mean of the experimental colony counts immersed in an alcohol bath and the above freezing proexpressed as a percentage of the mean unfrozen controls.
tocol was used. All samples were then rapidly warmed Complete Viability Assessment Procedure in a 37°C water bath, washed twice with tissue culture medium to remove the cryoprotectant, and incubated in MDCK epithelial cells and V-79W hamster fibroa 10% alamarBlue solution at 37°C. Metabolic activity blasts were either attached individually or grown to conwas then assessed. Unfrozen samples without DMSO fluency on glass coverslips, then stained with SYTO and served as positive growth controls. EB prior to freezing. The samples were then supercooled to a defined subzero experimental temperature on a con-Cryoprotective Intracellular Freezing Protocol vection cryostage by cooling at 25°C/min. The subzero experimental temperatures were carefully chosen to en-MDCK and V-79W cells were either used as single attached cells or grown to confluency on glass cover-sure that approximately 100% of the cells would form intracellular ice (Fig. 1) . Under video surveillance, ice slips. The coverslips containing single attached cells and confluent monolayers were placed in 15 × 45-mm glass was nucleated using a cold copper probe at the constant temperature and the incidence of intracellular ice forma-tubes and placed on ice for 5 min. Following this incubation at 0°C, the samples were immersed in an alcohol tion was observed after holding for 5 min. Cells were then warmed at 25°C/min and the integrity of the cell bath at −10°C and allowed to cool for 5 min. Extracellular ice formation was induced at −10°C in the samples plasma membrane was quantitatively assessed. The samples were then transferred from the cryomicroscope and using cold forceps. At −10°C, 100% intracellular ice formation has been shown to occur in all of the V-79W assayed for metabolic function using the reduction-oxi-and MDCK single attached cells and confluent mono-RESULTS layers (Fig. 1) . The bath was then cooled at 1°C/min to Effect of Nucleation Temperature on Incidence −40°C where the samples were held for 5 min. All samof Intracellular Ice ples were then rapidly warmed in a 37°C water bath, The incidence of intracellular ice in V-79W and incubated in a 10% alamarBlue solution at 37°C, and MDCK cells is strongly dependent on the presence of assessed.
cell-cell and cell-surface adhesions and the temperature Statistical Analysis of nucleation (Fig. 1) . Using a convection cryomicroscope to control the subzero temperature of the samples, Unless otherwise indicated, a one-way ANOVA was we were able to observe the number of cells that formed used with a level of significance set at 0.05. intracellular ice at each holding temperature. For both cells displayed a significantly lower level of metabolic activity compared with unfrozen controls (p < 0.05). V-79W and MDCK confluent monolayers, there is a significant increase (p < 0.05; Students' t-test) in the inci-After the evaluation of metabolic activity, single attached cells were examined for clonogenic function dence of intracellular ice at high subzero temperatures when compared to cells in suspensions and single using a standard colony-forming assay. Following trypsinization, plating and incubation for 5 days, both V-attached cells. These results are consistent with the previous finding that cell-surface and cell-cell interactions 79W and MDCK cells displayed no clonogenic function following intracellular ice formation at the nucleation increase the incidence of intracellular ice formation (1-3). In subsequent experiments, nucleation temperatures temperatures used in this study. As the postthaw incubation period would permit the repair of any sublethal were chosen to ensure that 100% of the cells would form intracellular ice upon extracellular ice nucleation regard-freeze-thaw damage (29) , the absence of clonogenic function indicates that IIF irreversibly damaged critical less of cell type or morphological configuration. cellular processes.
Single Attached Cells Are Lethally Injured by IIF
Statistical analysis revealed that there was no differ-The incidences of intracellular ice formation, memence between the survival based on membrane integrity, brane integrity, metabolic activity, and clonogenic funcmetabolic activity, or clonogenic function at each expertion at different nucleation temperatures for V-79W and imental temperature for V-79W and MDCK single MDCK single attached cells are shown in Figure 2 . At attached cells (p < 0.05, Tukey's multiple comparison the experimental temperatures chosen, approximately test). Following intracellular ice formation there was a 100% of the cells formed intracellular ice in both of significant reduction in the three indicators of cell viathe cell lines studied. Immediately postthaw, there was bility. These data demonstrate that IIF is lethal in Va significant reduction in the number of cells with intact 79W and MDCK single attached cells. plasma membranes as assessed using the dual fluores-Innocuous Intracellular Ice in Confluent Monolayers cent dyes SYTO 13 and ethidium bromide. Reduction in metabolic activity assessed using alamarBlue followed a V-79W and MDCK confluent cell monolayers were subjected to low temperature conditions where intracel-similar pattern. Incubation at 37°C in 5% alamarBlue revealed that the V-79W and MDCK single attached lular ice formation was shown to occur and then evalu- ated using the three different assessment techniques. The Intracellular Ice Protects Confluent Monolayers Following Cryopreservation effect of IIF on the postthaw survival of V-79W and MDCK confluent monolayers is shown in Figure 3 . As
The metabolic activity of V-79W and MDCK single MDCK monolayers have been shown to form intracelluattached cells following freezing using three different lar ice at high subzero temperatures (Fig. 1) , it was poscryopreservation protocols is shown on the left in Figure  sible to extend the range of nucleation temperatures 4. Using a standard freezing procedure where samples studied. At the experimental temperatures chosen, apwere nucleated at −5°C and cooling at 1°C/min did not proximately 100% of the cells formed intracellular ice result in a high degree of cell recovery. The recovery of in both V-79W and MDCK monolayers. metabolic activity (% control) following freezing using Postthaw assessment of membrane integrity revealed this standard freezing protocol was 15.0 ± 4.9% for Vthat the majority of the constituent cells of both V-79W 79W cells and 5.4 ± 2.4% for MDCK cells. This is conand MDCK monolayers had intact plasma membranes, sistent with the results observed in Figure 2 . Freezing were metabolically active, and able to form colonies after equilibration with the cryoprotectant dimethyl sulfwhen cultured (Fig. 3) . There was no statistical differoxide results in an increase in the metabolic activity of ence in the survival indices across nucleation tempera-V-79W and MDCK single attached cells. The recovery tures for V-79W and MDCK monolayers. Approximately following the addition of 10% DMSO was 80.0 ± 10.7% 80% of the cells from V-79W and MDCK monolayers for V-79W single attached cells and 98.5 ± 3.3% for were "viable" following IIF, indicating that intracellular MDCK single attached cells. These are statistically diffreezing does not result in any substantial damage to Vferent than the results obtained using the standard freez-79W or MDCK confluent monolayers. The presence of ing protocol (V-79W p < 0.05; MDCK p < 0.05). The addition and removal of 10% DMSO to the single intracellular ice in V-79W and MDCK confluent cell attached cells in the absence of freezing did not affect monolayers is largely innocuous. cell viability (data not shown). Nucleating at a lower some additional damage has occurred during the slow cooling process. temperature (−10°C) to produce a higher incidence of intracellular ice (Fig. 1 ) resulted in a decrease in the The addition of a cryoprotectant significantly enhanced the recovery of metabolic activity for V-79W recovery of metabolic activity in both V-79W and MDCK single attached cells. The recovery following and MDCK confluent monolayers. The recovery following the addition of 10% DMSO was 90.5 ± 10.7% for nucleation at −10°C and cooling at 1°C/min to −40°C was 1.1 ± 0.6% for V-79W and 1.9 ± 1.0% for MDCK V-79W single attached cells and 84.6 ± 8.4% for MDCK single attached cells. This is statistically greater than the single attached cells. Both values are less than the results from the standard freezing protocol (V-79W p = results obtained using the standard freezing protocol (V-79W p < 0.05; MDCK p < 0.05). In the absence of freez-0.018; MDCK p = 0.208) and the standard freezing protocol with DMSO (V-79W p < 0.05; MDCK p < 0.05).
ing, the addition and removal of 10% DMSO to the confluent monolayers did not affect cell viability (data not These data confirm that IIF in single attached cells causes significant cell damage resulting in a negative shown). By lowering the nucleation temperature from −5°C to −10°C, formation of intracellular ice was postthaw survival outcome (3,4).
The effect of freezing using the three different cryo-achieved in all of the constituent cells in the confluent monolayers ( Fig. 1) . By inducing complete intracellular preservation protocols for V-79W and MDCK confluent monolayers is shown on the right in Figure 4 . Using ice formation, a higher degree of cell recovery could be obtained following slow cooling and rapid thawing than the standard freezing protocol of nucleating at −5°C and cooling at 1°C/min did not result in a high degree of that achieved by nucleated at the higher subzero temperature (−5°C). The recovery of metabolic activity was postthaw cell recovery. The metabolic activity of confluent monolayers following freezing using the standard 40.4 ± 3.7% for V-79W and 58.2 ± 8.4% for MDCK confluent monolayers. These values are greater than the protocol was 22.5 ± 9.8% for V-79W and 19.9 ± 10.5% for MDCK. These results are similar to those obtained results obtained using the standard freezing protocol (V-79W p = 0.118; MDCK p = 0.017), but much less than for single attached cells ( Fig. 4 ) but significantly less than the values obtained when the samples are simply the recovery following the addition of DMSO (V-79W p < 0.05; MDCK p < 0.05). Intracellular ice in confluent nucleated and then warmed (Fig. 3) , indicating that monolayers can provide some degree of protection to can occur without damage to the plasma membrane due to the innate cell-cell contact (2,4,5) and the presence the damaging effects of freezing and thawing.
Inducing intracellular ice is an effective method for of cell-cell adhesion molecules such as gap junctions (1). This dramatic difference in the effect of intracellular the cryopreservation of confluent monolayers. In the absence of any chemical cryoprotectant, a significant ice exemplifies the need for a better understanding of the differences in the low temperature response of cells degree of cell recovery was obtained following the formation of intracellular ice. While the result was not as in suspension and the constituent cells of tissues. While further work remains to optimize the use of great as that obtained using 10% DMSO, it underscores the advantage of using innocuous intracellular ice for intracellular ice in the cryopreservation of tissues and tissue models, innocuous intracellular ice formation has the cryopreservation of tissue model systems.
been shown to be an effective alternative to classic cryo-DISCUSSION preservation techniques. As the cryopreservation of tissues and organs has not yet been attained, new ideas or By inducing intracellular ice formation in confluent monolayers in the absence of a chemical cryoprotectant, alternatives to current methods of cryopreservation will benefit this developing field. These results provide re-it was possible to obtain a high degree of cell viability following freezing and thawing. These results suggest searchers and clinicians new avenues to explore and new techniques to use in the development of the next genera-that intracellular ice is acting as a cryoprotectant. There are a number of advantages to using innocuous intracel-tion of cryopreservation protocols. lular ice in cryopreservation (14) . By eliminating, or sig-
